influenza virus strains were isolated after proteolytic digestion of viral hemagglutinin. Each neuraminidase was recovered with a final yield of about 15% and had similar specific activities. Immunization of rabbits with the neuraminidases elicited monospecific neuraminidase antibodies, with no antibodies to viral hemagglutinin. Further evidence of purity was the existence of only a single component, about 50,000 daltons in size, when reduced neuraminidase preparations were examined by sodium dodecyl sulfate acrylamide gel electrophoresis. However, storage of neuraminidase in solution resulted in the appearance of slightly smaller degradation products. Preparations of each neuraminidase were denatured under reducing conditions, and exposed sulfhydryl residues were blocked by reaction with '4C-iodoacetamide. After tryptic digestion, peptide maps were prepared for the neuraminidases, and the "C-labeled cysteinyl peptides were then identified by autoradiography. About 20 peptides were present, in agreement with the number predicted from amino acid analysis for neuraminidase subunits of only one type. The 1957 and 1960 neuraminidases exhibited a small antigenic divergence from each other, and maps of their cysteinyl peptides appeared to be identical. The 1969 neuraminidase exhibited considerable antigenic divergence from the other two neuraminidases, and maps of 1969 neuraminidase peptides revealed two major and several minor differences from the other maps. Thus, antigenic divergence between the neuraminidases of Asian and Hong Kong influenza viruses is associated with a small number of changes in the primary structure of the neuraminidase subunit.
It is recognized that the influenza virus hemagglutinin and neuraminidase (EC 3.2.1.18) represent two distinct antigenic proteins on the viral surface (13, 15, 21) that are specified by separate portions of the viral genome (14) . This view is supported by the observation of independent variation in nature of hemagglutinin and neuraminidase in influenza A viruses of human (23) and avian origin (10, 19) . For human influenza viruses, variation in both surface antigens takes two forms: (i) the continuous small-scale variation from year to year, and (ii) sharp variations occurring at intervals and leading to the appearance of new antigenic ' types (2, 20) . To understand the evolution of epidemic influenza viruses, it is necessary to determine the molecular basis underlying the biological changes in hemagglutinin and neuraminidase. For the neuraminidase, this problem has been approached by developing procedures to isolate and characterize the neuraminidase of one strain, so that similar methods might then be applied in turn to other neuraminidases. Thus, in previous studies, the neuraminidase of 1957 Asian influenza virus has been purified and demonstrated to be a glycoprotein of about 200,000 daltons, composed of four 50,000.dalton subunits linked by a large number of disulfide bonds (7, 8) . Parallel studies by other workers support this general concept (30) and add an additional hypothesis: the subunits are ar-ranged as two pairs, with each member of a pair being disulfide-linked, and the pairs then associate to tetramers by noncovalent interactions (1, 16 (7, 8) . A/RI/5+/57 and A/ AA/6/60 neuraminidases were desalted by prolonged dialysis against distilled water, but yields of Al England/939/69 neuraminidase were poor after dialysis. Therefore, A/England/939/69 neuraminidase was "desalted" by chromatography through a column (2 cm2 by 30 cm) of Sephadex G25, equilibrated with 10-'M CaCl2. After removing samples for protein and neuraminidase assay, preparations were freeze-dried and stored under vacuum at +4 C.
Preparation of in vitro "C-carboxamidomethylated neuraminidase subunits. Samples (50 to 100 Mg) of purified neuraminidase in 75-juliter volumes of 6 M urea and 0.066 M Tris-hydrochloride, pH 7.5, were heated in sealed tubes to 100 C for 15 min in the presence of 1 umol of dithiothreitol. To lower the dithiothreitol concentration, denatured, reduced neuraminidase was quickly chromatographed through a column (0.38 cm2 by 3.5 cm) of Sephadex G15, equilibrated with 6 M urea in the Tris-hydrochloride buffer and 0.04 mM dithiothreitol. The void volume eluate was collected in about 0.3 ml, and immediately 0.1 umol of iodo-[1-"4C]acetamide (specific activity 52 to 58 mCi/mmol) was added, and the mixture was incubated in the dark at 37 C for 4 h. After the reaction, urea and excess iodoacetamide were removed by "desalting" chromatography through disposable Sephadex G15 columns (0.38 cm2 by 3 cm). The columns were equilibrated with 0.005 M ammonium hydroxide, pH 8.5, and each subunit preparation was desalted twice, on fresh columns. The procedures were slightly modified from those previously described (8) . Before the final desalting steps, a trace of dextran blue 2000 solution (Pharmacia) was added to each preparation as a marker and stabilizer.
Preparation of labeled VSV. Vesicular stomatitis virus (VSV) (Indiana strain) was grown in Vero cells in the presence of 'H-amino acids and purified as previously described (12) .
Tryptic digestion of "C-carboxamidomethylated neuraminidase subunits. Previous studies have shown that 14C-carboxamidomethylated neuraminidase subunits as studied here are in a dissociated form, containing only a small proportion of disulfidelinked aggregates (9) . Hence, these subunits are in an ideal form for primary structure analysis. Preparations of "4C-labeled neuraminidase subunits (about 50 ug of protein) in 0.005 M ammonium hydroxide buffer, pH 8.5, containing 0.5 x 10-4 M CaCl, were incubated for 5 h at 35 C with 10 Mig of TPCK(L-[tosylamido 2-phenyl] ethyl-chloromethyl ketonetreated trypsin (Worthington Biochemical Corp.). Complete digestion was verified by chromatographing a sample on a column (2 cm2 by 50 cm) of Sephadex G50. Only traces of 14C radioactivity were ever eluted at the column void volume. The bulk of the digested subunits were freeze-dried in Microflex tubes (Kontes Glass Co.).
Peptide mapping. Freeze-dried digests of 11C-neuraminidase subunits were redissolved in about 2 Mliters of electrophoresis buffer (pyridine-acetic acidwater, 10:1:100, pH 6.0) and spotted onto plastic sheets (20 by 20 cm) precoated with silica gel (Machery-Nagel). Electrophoresis was carried out on a cooled plate apparatus at +2 C, at 30 V/cm. Plates were then oven-dried for 15 min at 105 C, air-dried for a further 15 Acrylamide gel electrophoresis. "4C-neuraminidase subunits were mixed with 3H-amino acid-labeled VSV marker, prepared for electrophoresis under reducing conditions, and analyzed by using 7.5% acrylamide gels at pH 7.4, containing 1% sodium dodecyl sulfate (SDS) and 0.5 M urea. Procedures have been previously described (9) . To calibrate the gels, sizes of VSV proteins G, N, and M (25) were assumed to be 58,000, 44,000, and 25,000 daltons, respectively. These values, somewhat lower than many earlier results (see 25) , were similar to the most recent results for VSV obtained by Wunner and Pringle (31) Purity of neuraminidase. To verify the purity of each neuraminidase preparation, samples were examined by SDS-acrylamide gel electrophoresis under reducing conditions. Previous studies demonstrated that A/RI/5+/57 neuraminidase, isolated from X-7 (FI) virus by similar procedures to those used here, contained only a single size subunit (8) . Figure 1 shows the same finding obtained with purified A/AA/6/60 and A/England/939/69 neuraminidases. As with A/RI/5+/57 neuraminidase (8) , the subunits of the other N2 neuraminidases migrated about mid-way between ovalbumin and bovine serum albumin markers in parallel gels, indicating a size of about 50,000 daltons for the neuraminidase subunits.
Degradation of neuraminidase during storage. In the course of these studies, ampoules of neuraminidase were occasionally opened and dissolved in buffer, and samples were then withdrawn periodically as procedures were worked up. This led to the observation that storage of neuraminidase in solution for several Comparison of neuraminidase stored "wet" with neuraminidase maintained in unopened ampoules demonstrated that the new components were smaller than the subunits originally present and appeared at the expense of the original subunits. This is illustrated in Fig. 2 , and clearly suggests that neuraminidase could degrade during storage. Therefore, for all other experiments described here, neuraminidase preparations were stored freeze-dried under vacuum until use.
Serological cross-reaction of neuraminidase. It is known that, although all influenza A viruses isolated since the appearance of Asian influenza in 1957 contained antigenically related neuraminidases, there has occurred considerable variation in the antigenic specificities of the neuraminidases (2, 10, 20, 23). To examine this for the three neuraminidases studied here, immune sera were raised in rabbits to each neuraminidase. Several preparations of each neuraminidase were inoculated into individual rabbits, and in each case the sera contained a high titer of antibodies inhibiting neuraminidase enzyme activity but no detectable antibodies to viral hemagglutinins. This was further evidence for the purity of the neuraminidases. The highest titer neuraminidase sera were then employed in cross-enzyme inhibition tests. The three neuraminidases all cross-reacted, but a pattern of antigenic drift was evident ( Table 2 ). The A/RI/5+/57 and A/AA/6/60 neuraminidases were more closely related to each other than to the A/England/ 939/69 neuraminidase. Similar results were obtained with different sets of sera, and A/England/939/69 neuraminidase appeared to be antigenically very similar to the reference Hong Kong influenza neuraminidase (unpublished result).
Comparison of subunit sizes of neuraminidases. Comparison of neuraminidase subunits with marker proteins in parallel gels, identified by protein stain, indicated that the subunits of each neurarninidase had a size of about 50,000 daltons. However, use of samples and markers in separate gels introduces an element of error into the comparisons. To better compare the subunits of each neuraminidase, they were first dissociated and labeled by reaction with "C-iodoacetamide and then were analyzed by electrophoresis, but including samto bottom, for 8 4 months at about 4 C, before being reopened, and 25 jig of each were then analyzed in parallel gels by electrophoresis, as described for Fig. 1 . A single sharp peak was found for the neuraminidase stored freeze-dried under vacuum (----), whereas after storage in buffer, a shoulder of faster migrating component appeared with a concomitant decrease in the height of the main peak ( ). ple of 3H-amino acid-labeled VSV as an internal size marker. Figure 3 illustrates the homogenous nature of each neuraminidase subunit preparation and their very similar electrophoretic mobilities. By using the sizes of the VSV proteins to calibrate the gels, molecular weights of about 51,000 to 52,000 were determined for each neuraminidase subunit (Table 3) . Thus, there were clearly minimal size differences between the different neuraminidases, although the presence of carbohydrate (8) may have affected size estimates slightly. Peptide maps of neuraminidases. To obtain further information about the primary structure of the viral neuraminidases, their "C-carboxamidomethylated subunits were digested with trypsin and examined by peptide mapping. Since A/RI/5+/57 neuraminidase contains about 20 cysteine residues per subunit and a total of about 50 lysine plus arginine residues (8) , labeled cysteinyl residues should comprise some 40% of the total tryptic peptides. SDS-acrylamide gel electrophoresis of 14C( carboxamidomethylated subunits of purified N2 neuraminidases. Purified neuraminidases were dissociated by boiling in 6 M urea containing dithiothreitol and exposed sulfhydryl groups blocked by reaction with 14C-iodoacetamide as described in Materials and Methods. Samples of labeled subunits were mixed with 3H-amino acid-labeled VSV as a source of internal size markers and analyzed on 7.5% acrylamide gels as described for Fig. 1 illustrates typical maps obtained of the "Clabeled peptides from the three neuraminidases. Similar results, with only minor differences, were observed with five maps obtained from three preparations of each neuraminidase. Two major conclusions may be drawn from the maps. (i) The patterns of peptides observed were very reproducible, and for A/RI/5+/57 neuraminidase the peptides are numbered on Fig. 4 . By use of longer electrophoresis times, smaller samples, and shorter photographic exposure times, the large spot number 10 and 11 could be resolved into two spots, and about five Lo seven spots were visible in the region numbered 12 to 18. Thus, with the minor spots, a maximum of about 20 peptides were identified. This is in very close agreement with the number of cysteinyl peptides predicted from the amino acid composition of neuraminidase for the molecule containing only one chemical type of subunit. (ii) Comparison of peptides obtained with the different neuraminidases showed that the fingerprints for A/RI/5+/57 and A/AA/6/60 neuraminidases were very similar, if not identical. Although many of the peptides for A/ England/939/69 neuraminidase were also similar to the other two neuraminidases, two distinct new basic peptides (arrowed) were present. There were additionally minor differences in the number and position of peptides corresponding to peptides 10 and 11 of A/RU/5+/57 neuraminidase. The A/England/939/69 neuraminidase preparation (Fig. 4) had been isolated from virus digested with Pronase. However, control experiments showed that the same features were observed when A/England/939/69 neuraminidase was isolated from virus digested with Pronase or nagarse and when A/Hong Kong/16/68 neuraminidase was examined (unpublished observations). Thus, the peptides were unlikely to be artifacts resulting from the use of a proteolytic enzyme when isolating neuraminidase. Hence, it is concluded that the slight antigenic drift between A/RI/5+/57 and A/AA/6/60 neuraminidase ( Table 2) was probably a consequence of changes in the noncysteinyl peptides of the neuraminidase. However, the far greater antigenic drift leading to the A/England/939/69 neuraminidase was associated with a small number of mutations in the cysteinyl peptides. Such occurrences would be in good accord with the long-held view that sulfhydryl residues are key elements in determining protein structure.
DISCUSSION
This report represents the first attempts to elucidate, at the molecular level, the basis of change in influenza neuraminidases that is observed at the biological level. Three neuraminidases of N2 antigenic type were highly purified from different virus stains. Each neuraminidase was judged free of contaminating hemagglutinin by two criteria: presence of a single component on acrylamide gel electrophoresis, and production of monospecific neuraminidase antibodies in immunized rabbits. Crossneuraminidase inhibition tests demonstrated that the isolated neuraminidases revealed a pattern of antigenic drift compatible with that observed by using different sets of N2 neuraminidases and whole viruses as antigens (2, 10, 20, 23) . Hence, it is unlikely that proteolysis of virus as used here to isolate neuraminidase had any effect on the antigenic sites of the neuraminidases. Additionally, it has been previously established with several neuraminidases that solubilization with the aid of proteases does not affect the enzymatic characteristics of neuraminidase (3, 10, 21) . Recent eVidence as to the action of proteolytic enzymeg on influenza neuraminidases suggests that a small, carbohydrate-rich region of the molecule may be digested (16, 22 (1, 16, 24, 27) . However, the variable nature of those observations, the different proportions of the two components seen by different workers, and our own finding that neuraminidase may degrade on storage all suggest that the occasional presence of two components in purified neuraminidase represents either an experimental artifact or an impurity rather than the existence of two subunit types. It is also relevant that few workers have demonstrated the antigenic purity of their neuraminidase preparations as described here.
By using highly purified neuraminidase, no significant difference in subunit size was found for enzymes of 1957, 1960, and 1969 strains. The subunit size we determined by SDS-acrylamide gel electrophoresis is in close agreement with the size previously determined by the totally independent method of sedimentation-diffusion analysis (8) and also by molecular exclusion chromatography in 6 M guanidine hydrochloride (Kendal, unpublished data). The significance of the lower value obtained for proteasesolubilized neuraminidase compared to values for detergent-solubilized neuraminidase (16, 30) is not clear, and the difference may be artificially high if protease-solubilized neuraminidase has lost the bulk of its carbohydrate (16, 22) but perhaps only a small proportion of its polypeptide chain. This problem requires further clarification.
Comparisons of the three N2 neuraminidases studied have provided definitive evidence that the large antigenic drift between the early (1957 and 1960) strains and the late (1969) strain was associated with variation in the primary structure of the neuraminidase subunit. It is conceivable that the structural variations detected in peptide fingerprints could be dependent on carbohydrate residues if the peptides were glycosylated. However, changes in carbohydrates covalently linked to neuraminidase should reflect changes in the polypeptide of the neuraminidase subunit if glycosylation is dependent on a host-specified enzyme system. Thus, the peptide map results are interpreted as indicating the occurrence of mutations in the neuraminidase polypeptide chain. This conclusion would need re-examining if a strain-specific viral effect on glycosylation reactions is subsequently demonstrated. Any peptide mutations may also affect the neuraminidase-active site, since Asian and Hong Kong influenza neuraminidase have distinctive enzyme kinetics (10) .
Parallel studies with the Ni neuraminidases of pre-Asian influenza viruses have been partially hampered by the greater lability of these neuraminidases (5, 6) . However, preliminary results (A. P. Kendal and M. P. Kiley, in Negative strand viruses, in press) indicate that the transition of neuraminidase from Ni to N2 antigenic type was accompanied by a large number of amino acid sequence changes and is unlikely to have resulted from a small number of mutations occurring at crucial points in the protein chain. Thus, the evolution of neuraminidase through antigenic "shift" and antigenic "drift" may have occurred by similar events as seen for the hemagglutinin (28) . It is hoped that further insight of this will be obtained in future studies.
